The human heart is believed to grow by enlargement but not proliferation of cardiomyocytes (heart muscle cells) during postnatal development. However, recent studies have shown that cardiomyocyte proliferation is a mechanism of cardiac growth and regeneration in animals. Combined with evidence for cardiomyocyte turnover in adult humans, this suggests that cardiomyocyte proliferation may play an unrecognized role during the period of developmental heart growth between birth and adolescence. We tested this hypothesis by examining the cellular growth mechanisms of the left ventricle on a set of healthy hearts from humans aged 0-59 y (n = 36). The percentages of cardiomyocytes in mitosis and cytokinesis were highest in infants, decreasing to low levels by 20 y. Although cardiomyocyte mitosis was detectable throughout life, cardiomyocyte cytokinesis was not evident after 20 y. Between the first year and 20 y of life, the number of cardiomyocytes in the left ventricle increased 3.4-fold, which was consistent with our predictions based on measured cardiomyocyte cell cycle activity. Our findings show that cardiomyocyte proliferation contributes to developmental heart growth in young humans. This suggests that children and adolescents may be able to regenerate myocardium, that abnormal cardiomyocyte proliferation may be involved in myocardial diseases that affect this population, and that these diseases might be treatable through stimulation of cardiomyocyte proliferation.
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heart failure | pediatrics H eart failure, a leading public health problem worldwide (1) , is linked to the loss of cardiomyocytes (2) (3) (4) . The only currently available, definitive therapy-heart transplantation-is limited by donor availability. New approaches, such as cell transplantation, have shown encouraging results in clinical trials (5, 6) . However, a third, complementary strategy has emerged, based on stimulating endogenous regenerative mechanisms. One approach for developing such regeneration strategies is to examine the cellular mechanisms of myocardial growth, since mechanisms of regeneration should be similar to the mechanisms of development.
Although stem and progenitor cells are important for morphogenesis of the myocardium, developmental growth in a number of nonhuman species is largely driven by cardiomyocyte proliferation (7) (8) (9) . In biological models that, unlike adult humans, regenerate myocardium, cardiomyocyte proliferation is important for regeneration as well as postnatal heart growth (10, 11) . For example, in mice, developmental cardiomyocyte proliferation continues for up to day 7 after birth, which coincides with the loss of regenerative capacity (11, 12) . The close temporal relationship between cardiomyocyte proliferation and heart regeneration in animals raises the question of whether and to what age and extent cardiomyocyte proliferation plays a role in humans. The answer may help us understand the endogenous regenerative potential of the human heart and possibly indicate strategies for stimulating cardiomyocyte proliferation to regenerate myocardium.
Our current understanding of human myocardial growth is limited by an overall lack of reliable data about the underlying cellular mechanisms (reviewed in refs. 3, 4). Cardiomyocyte nuclei have been quantified in human fetuses using hematoxylin-eosin staining (13) (14) (15) . Radiocarbon birth dating has shown that a small portion of cardiomyocytes is replaced in humans older than 20 y (16), but this technique is unreliable for the analysis of recent samples from individuals younger than 20 y of age (17) . The detection of thymidine analogs, used to quantify cardiomyocyte turnover in adult cancer patients (18) , is also not feasible in children. Thus, due to multiple limitations, little is known about the cellular growth mechanisms in the human heart in the most dynamic time window between birth and 20 y of age.
Technical limitations have hampered progress in addressing these questions. To overcome these limitations, we have developed and implemented image-based assays. In the present study, we examined a set of 21 healthy young (age range from 0-20 y) hearts and an additional set of 15 adult hearts (SI Appendix, Table S1 ). Our aim was to determine the extent and timing of cardiomyocyte cell cycling, proliferation, and hypertrophy and to relate the activity of these mechanisms to the growth of the human heart.
Results
Validation of Sampling and Methods. Using digital color thresholding on acid Fuchsin Orange G-stained myocardial samples, we quantified fibrosis, which was 1.02 ± 0.4%, (Fig. 1A) . In addition, we performed histopathologic evaluation of these slides, which led to the elimination of four hearts. Thus, evaluation of the selected hearts showed that they are a representative sample (SI Appendix, Table S1 and Figs. S1 and S2).
To be able to use flash-frozen human myocardial samples, we developed a unique isolation method, which involves fixing the myocardium before digestion with collagenase. The resulting yield of cardiomyocytes was 91.3 ± 3% [weight%, determined by (original weight -residual)/original weight]. The percentage of cardiomyocytes with desmosome-containing ends was 92.4 ± 0.4% ( Fig. 1 B and C) , and sarcomereres were present (Fig. 1D) , indicating that most of the isolated heart muscle cells were intact.
To determine whether immunofluorescence microscopy could reliably differentiate between cardiomyocytes and noncardiomyocytes, we used two different structural markers: a sarcomeric marker (α-actinin and/or troponin I) as well as a membrane marker (caveolin-3). Confocal microscopy and visual quantification showed agreement between these markers in the identification of cardiomyocyte nuclei (SI Appendix, Fig. S3 ). We noted that H&E staining overestimated the number of cardiomyocyte nuclei compared with caveolin-3 and troponin I staining (SI Appendix, Fig. S3 G and H) . The optical dissector method for quantifying cardiomyocyte (Fig. 1E ) and noncardiomyocyte nuclei (Fig. 1F ) on three random myocardial sections from different sites of the same left ventricle (LV) showed no significant differences in the nuclear density in different compartments of the same LV, indicating that our sampling method yielded a probe representative of the whole LV. We determined fixation-related tissue shrinkage to be 21 ± 5.8% and corrected the results accordingly (SI Appendix, Fig. S6 ). In summary, the applied sampling methods yield representative probes of human hearts.
Human Hearts Show Evidence of Cardiomyocyte Cell Cycle Activity.
Having established the validity of our methods, we visualized mitotic cardiomyocytes with antibodies against phosphorylated histone H3 (a marker for M-phase) and sarcomeric markers (α-actinin, Fig. 2 A and B) . Using laser-scanning cytometry (LSC) as an automated and unbiased method for quantification on isolated cardiomyocytes, we determined that during the first year of life the percentage of cardiomyocytes in M-phase was 0.04 ± 0.01% (n = 6, Fig. 2C ). Between 10 and 20 y, this decreased to 0.009 ± 0.006% (n = 5, P < 0.05, Fig. 2C ) and remained detectable in hearts from subjects older than 40 y.
To cross-check these results, we quantified cardiomyocytes in M-phase with a different approach, using confocal microscopy of tissue sections (Fig. 2B , SI Appendix, and Movies S1 and S2). The quantification showed that in the first year of life, the percentage of M-phase cardiomyocytes was 0.012 ± 0.003% (Fig. 2D) . The percentage of M-phase cardiomyocytes decreased significantly over the first two decades of life but was still detectable above 40 y. The percentages of M-phase cardiomyocytes determined on stained sections correlated well with the results from the LSC analysis of isolated cardiomyocytes, indicating that cardiomyocyte cell cycle activity is higher in young than in adult humans.
Analysis of isolated cardiomyocytes showed that M-phase cardiomyocytes were predominantly mononucleated (P < 0.001), which is in agreement with previous reports of cycling mononucleated cardiomyocytes in growing cats (19) , rats (20) , and mice (21) .
Young Humans Show Evidence of Cardiomyocyte Division. Detection of the contractile ring provides evidence of cardiomyocyte cytokinesis. The contractile ring consists of regulatory and motor proteins (22) , including the mitotic kinesin-like protein (MKLP-1), a component of the centralspindlin complex, which is required for completion of cytokinesis (23) . We developed a cardiomyocyte cytokinesis assay by staining thick (30 μm) myocardial sections with antibodies against MKLP-1 and α-actinin (Fig. 3A) . Confocal stacks and 3D reconstructions showed contractile rings traversing cardiomyocytes (Movies S3, S4, S5, and S6). For quantification, we identified MKLP-1-positive cardiomyocytes on myocardial sections by confocal microscopy. In the age range of 0-1 y, 0.016 ± 0.003% of cardiomyocytes were in cytokinesis (n = 6). Between 2 and 10 y, it was 0.01 ± 0.002% (n = 4), and in the second decade of life, this value decreased to 0.005 ± 0.005% (n = 5, P < 0.05, Fig. 3B ). We did not detect cardiomyocytes in cytokinesis in subjects older than 20 y (n = 9). In summary, human infants show evidence of cardiomyocyte cytokinesis, which decreases during childhood and adolescence to nondetectable levels in adults.
Human Cardiomyocytes Show an Increase of Nuclear Ploidy with Age.
Cell cycle activity in cardiomyocytes may lead not only to division but also to formation of binucleated and polyploid daughter cells (3) . Therefore, to determine the association between cardiomyocyte cell cycle activity and cellular proliferation, it is necessary to account for these nonproductive cell cycles. To determine the percentage of mononucleated cardiomyocytes in our samples, we quantified the number of nuclei in isolated human cardiomyocytes by visual count as well as automatically using LSC (SI Appendix, Fig. S4 ). The results obtained with both methods were highly correlated ( Fig. 4A) , thus validating the LSC method. Using LSC, we determined that the percentage of mononucleated cardiomyocytes did not change significantly between the first year (67.8 ± 3%) and 10 and 20 y of life (63.5 ± 2.2%, P > 0.05, Fig. 4B ) and remained unchanged throughout life. The percentage of mononucleated cardiomyocytes in children has not been published previously, but the percentage in adults is in agreement with a prior study (24) . In conclusion, humans do not display the transition to predominantly binucleated cardiomyocytes, which is known to happen in murine models in the first week after birth (12, 25) . We examined ploidy changes with LSC and validated them by fluorescence in situ hybridization (FISH) using probes against chromosomes 8 and X (Fig. 4 C and D and SI Appendix, Fig. S4 ).
In the first year of life, 16.3 ± 5.2% of mononucleated cardiomyocytes were hyperdiploid (>2N), which increased to 39.5 ± 6.9% between 10 and 20 y (P < 0.05), but then remained unchanged (Fig. 4E) . Mononucleated polyploid cardiomyocytes increased to 54.2 ± 5.8% above 40 y, which was not significantly different compared with 30-40 y. Taking mono-and binucleated cardiomyocytes together, the percentage of those with a total DNA content >2N increased significantly to 57.5 ± 4.5% by 10-20 y, which remained unchanged in later life (P < 0.05, Fig. 4F ). In summary, these results indicate that human cardiomyocytes undergo significant changes in their nuclear ploidy after birth. Together with the result that cycling cardiomyocytes are predominantly mononucleated, this suggests that they are the direct or indirect precursors of cardiomyocytes with a total DNA content of >2N.
Human Cardiomyocytes Proliferate and Enlarge After Birth. We used stereology techniques to quantify the number of cardiomyocytes per LV (SI Appendix). Using the optical dissector principle, we determined that in the first year of life, the volume density of cardiomyocyte nuclei was 2.4 ± 0.2 × 10 8 / cm 3 ( Fig. 5A ). Between 10 and 20 y, the volume density decreased to 3.6 ± 0.7 × 10 7 / cm 3 (P < 0.05), in agreement with a previous report from adult hearts (26) . Using the specific reference volume for each LV (27), we calculated from the volume density of cardiomyocyte nuclei (Fig. 5A ) that newborns had 1.5 ± 0.9 × 10 9 and young adults had 5.6 ± 1.5 × 10 9 cardiomyocyte nuclei in the LV (P < 0.05, Fig. 5B ). By correcting the number of cardiomyocyte nuclei by accounting for the corresponding percentages of mono-and binucleated cardiomyocytes (from Fig. 4B ), we calculated that in the age range of 0-1 y, 1.1 ± 0.1 × 10 9 cardiomyocytes were present in the LV (n = 4), compared with 3.7 ± 0.3 × 10 9 at the age of 20 y (n = 7, Fig. 5C ). This represents a 3.4-fold increase (P < 0.05, Fig. 5C ). The mean cellular volume of cardiomyocytes in the age range of 0-1 y was 5,854 ± 818 μm 3 (n = 4), and between 10-20 y, it reached 50,564 ± 7,398 μm 3 (n = 7, Fig. 5D ), representing an 8.6-fold increase (P < 0.05). Taken together, these results indicate that both cardiomyocyte proliferation and enlargement contribute to postnatal heart growth in humans.
We graphed the number of cardiomyocytes determined in individual LVs (Fig. 5E ) and the mean cardiomyocyte volume (Fig.  5F ) and fitted the data with LOWESS, validating the fits using generalized cross-validation. The patterns of cardiomyocyte enlargement and proliferation indicated that both contribute simultaneously to myocardial growth between birth and 20 y of age.
Discussion
It has long been thought that the number of cardiomyocytes does not change significantly during physiologic postnatal growth in humans (reviewed in ref 3) . This notion arose after a 1950 study of human hearts, some of which were diseased. Cardiomyocyte silhouettes were measured on perpendicular sections of the papillary muscles (28) , and the results led researchers to conclude that cardiomyocyte enlargement is the sole mechanism for postnatal growth. By today's standards, this study was limited by selection, anisotropy, and counting biases (28, 29) . Although other reports suggested that cardiomyocytes in human infants show mitotic activity (30) (31) (32) and that the number of cardiomyocytes may double in the first year of life (33), the cell-static view has dominated most of our thinking about physiologic heart growth in humans.
Our study demonstrates that myocardial growth in humans is based on two cellular mechanisms: cardiomyocyte enlargement and proliferation. Two lines of evidence support the conclusion that cardiomyocyte proliferation contributes to postnatal myocardial growth. First, we show evidence for cardiomyocyte cytokinesis. Second, we demonstrate that the number of cardiomyocytes increases between birth and 20 y of age. We formally tested the hypothesis that cardiomyocyte cell cycle activity contributes to postnatal cardiomyocyte proliferation by comparing the number of cardiomyocytes predicted to be generated by cell cycle events with the number present in the LV. Calculating the number of cardiomyocytes generated based on cell cycle activity requires input of the incidence of a cell cycle marker (1), the duration of its presence (2) , and the probability that the marker indicates division (3). We used the percentage of cardiomyocytes in M-phase, which shows conservation of regulatory mechanisms and duration (∼1.5 h) between species, tissues, and ages (34) (35) (36) . To calculate the number of cardiomyocytes generated from M-phase activity, determined by H3P analysis, we used the previously determined duration of 1.8 ± 0.3 h in adult ventricular cardiomyocytes (21, 37) . To correct our results for nonproductive mitotic events (binucleation, polyploidization), we multiplied by the age-specific percentage of mononucleated and diploid cardiomyocytes (from Fig. 4F) , which results in the number of actually generated cardiomyocytes. Thus, for the first year of life, the calculation 0.04% H3P-positive of 0.9 × 10 9 cardiomyocytes (present at birth) × 24 h × 365 d / 1.8 h per mitosis × 56% productive mitoses would yield 0.9 × 10 9 de novo cardiomyocytes in the LV. Using the range of duration of mitosis (1.5-2.1 h) (34) rather than the mean, we calculated a range of 0.8-1.1 × 10 9 de novo generated cardiomyocyte during the first year of life. In the first decade of life, the same calculation would yield ∼0.9 × 10 9 new cardiomyocytes and in the second decade 0.6 × 10 9 . The stereological quantification showed that in the age range of 0-1 y, 1.1 ± 0.1 × 10 9 (n = 4) cardiomyocytes were present and, at 20 y, 3.7 ± 0.3 × 10 9 (n = 7), an increase by 2.6 × 10 9 (P < 0.05). Therefore, this cross-check demonstrates that the measured M-phase activity can account for the increase of the number of cardiomyocytes. Considering that a large myocardial infarction can wipe out ∼25% of the adult heart (3), which is equivalent to 1 billion cardiomyocytes, the generation of 2.6 billion new cardiomyocytes during heart growth is significant.
We detected cardiomyocyte proliferation in normal human hearts up to 20 y of age, which is longer than would be anticipated by extrapolating the results from mice (12) and rats (25) . In addition, in humans, cardiomyocyte proliferation and enlargement contribute simultaneously to myocardial growth, which contrasts with the rapid switch from proliferation to hypertrophy in mice and rats in the first week of life (12, 25) .
Recent studies by Bergmann et al. (16) and Kajstura et al. (38) on generation of cardiomyocytes in human hearts offer an opportunity for comparison with our findings (SI Appendix, Table  S5 ). Using the 14 C-based birth-dating technique, Bergmann et al. (16) reported a turnover rate of 1.9% in one 19 y-old heart and 1% in five hearts between 21-40 y. We calculated that at 20 y 6.9 × 10 7 new cardiomyocytes are generated per year-the equivalent to 1.9% of cardiomyocytes present at this age-based on quantifying cardiomyocyte mitotic activity at 20 y (0.00092% H3P, n = 4, age range 19-23 y) and adjusting for nonproductive cell cycles. Thus, our results in young adults are within the same range as the corresponding results by Bergmann et al. (16) . Table S5 ). However, Kajstura et al. (38) used their birth-dating results to arrive at cardiomyocyte generation rates that are 5-to 10-fold higher up to 40 y of age and 80-fold higher above 40 y. In contrast, we did not detect cardiomyocyte cytokinesis in hearts from subjects older than 20 y. This may be because, unlike using the mean birthdate of cardiomyocytes, as done by Bergmann et al. (16) and Kajstura et al. (38) , our cytokinesis assay is based upon direct visualization and quantification of individual dividing cardiomyocytes. An alternative interpretation of the lack of detection of cardiomyocyte cytokinesis above 20 y is that the corresponding cell cycle activity that we detected using the H3P assay is exclusively associated with nonproductive cell cycle events. In summary, the pattern of cardiomyocyte cell cycle activity in our study, which included more and younger hearts than prior studies, confirms the suggestion that young humans show more cardiomyocyte cycling and division than adults.
The number of generated cardiomyocytes in our stereologic estimates (Fig. 5 C and E) may include those that originate from cardiogenic stem and progenitor cells, as well as those generated by division of preexisting, differentiated cardiomyocytes. Both mechanisms are not mutually exclusive and may occur simultaneously. Current knowledge of cardiac development would place cardiogenic stem and progenitor cells upstream of dividing cardiomyocytes, but available methods in humans cannot differentiate these two processes (3, 18, 39, 40) .
Regardless of the origin of the cycling cardiomyocytes, the findings from our study and others (SI Appendix, Table S5 ) establish the importance of cardiomyocyte proliferation in the growth and development of postnatal human hearts. In addition to providing a new cell-based growth model for the human heart, our findings point to a potential opportunity for stimulating myocardial growth and regeneration in humans-through the manipulation of endogenous mechanisms of cardiomyocyte proliferation. Quantification of Fibrosis. Myocardial tissue samples were stained with AFOG to visualize cardiomyocytes (red) and collagen (blue), and 15 random images per slide were assessed with a Zeiss Axioplan2 microscope and 20× lens. We quantified the proportion of fibrosis by digital color thresholding (Metamorph). The same slides were used for histopathologic evaluation.
Materials and Methods
Immunofluorescence and Optical Dissector Method. For each heart, 210 consecutive cryosections were prepared on 70 slides. We selected the initial slide with a random number generator and picked every fifteenth slide after that for staining and microscopy in a random-systematic fashion. Six researchers, blinded with respect to the samples' corresponding ages and identities, quantified cellular events, either by manual count or by digital thresholding (image segmentation and creation of a binary image from a gray scale). Software analysis of the converted binary images was performed with Image Processing and Analysis in Java (Image J). To quantify the number of cardiomyocyte nuclei per cubed centimeter, we used the optical dissector method (29) and validated it with two cardiomyocyte-specific structural markers (SI Appendix, Fig. S3 ). To calculate the number of cardiomyocyte nuclei per LV, we multiplied the number of cardiomyocyte nuclei per cubed centimeter with the LV volume (see below and ref. 27). We quantified tissue shrinkage and corrected all results accordingly (SI Appendix, Fig. S6 ).
Determination of LV Myocardial Mass. The LV reference mass of each heart for which heart weight was not available as the mean normal value for body surface area was calculated according to normal z-score values described in ref. 41 . Our calculations were based on data from 576 healthy humans obtained at Boston Children's Hospital within an institutional review boardapproved study. Quantification of the number of cardiomyocytes per LV using the predicted heart weights matched very closely with estimations based on actual heart weights for those seven hearts where this information was available (SI Appendix, Fig. S8 ).
Cardiomyocyte Volume Determination. To determine the cellular volumes of isolated cardiomyocytes, we visualized the cytoplasm with CellMask (Invitrogen, 5 μg/mL, 5 min at room temperature). To select cardiomyocytes for volume analysis, we scanned the stained slide with a ×60 water objective and selected one random cardiomyocyte from every fourth field of view. We acquired confocal stacks with a step size of 1.2 μm (Olympus FV 1000; SI Appendix, Fig. S5A ). We used digital thresholding to determine the area of Fig. S5B) , and by knowing the distance of 1.2 μm between them, we calculated the cellular volume using Image J. The mean of 60-100 isolated cardiomyocytes from each heart was calculated. We validated this design-based method using a model-based method that assumed a cylindrical shape of the cardiomyocyte (24, 25) . Bland-Altman analysis (SI Appendix, Fig. S5 C and D) revealed a significant agreement between the model-based (24, 25) and our design-based method for volume determination.
Cell Cycle Activity. Cardiomyocyte karyokinesis was visualized with an antibody against phosphorylated histone H3 (Ser10, Upstate, 1:500), and cytokinesis was visualized with an antibody against the centralspindlin component MKLP-1 (Abcam, 1:100). Primary antibodies were detected with AlexaFluor conjugated secondary antibodies (Invitrogen; SI Appendix, Table S4 ). Nuclei were visualized with 4',6-diamidino-2-phenylindole (DAPI, Invitrogen, 50 nM).
Ploidy Determination. Isolated cardiomyocytes were spread on slides and examined by LSC for observer-independent quantitative analyses of nuclear DNA content (SI Appendix, Fig. S4 ). We validated the LSC-based method of quantifying the amount of DNA in cardiomyocyte nuclei using synchronized human umbilical vein endothelial cells. At least 15,000 cardiomyocytes per sample were analyzed. Ploidy data were further confirmed with FISH probes against chromosomes 8 and X (Vysis), which were visually analyzed.
Statistical Analysis. The numbers of analyzed samples and cells are listed in SI Appendix, Table S3 . Numerical results are represented as means ± SEM, unless otherwise indicated. The age bins were 0-1 y (0-365 d), 1-10 y (366 d11th birthday) , and 10-20 y (after 11th to < 21st birthday) and so forth. Linear regression was used to model the relationship between the proportion of fibrosis vs. age and noncardiomyocyte space vs. age. Continuous outcomes by age group were compared with analysis of variance (ANOVA) followed by Bartlett's post hoc testing. The relationships (mean and 95% confidence interval for the mean) between cardiomyocyte volume and the number of cardiomyocytes per LV vs. age were modeled using locally weighted scatterplot smoothing (LOWESS) (42) to account for nonlinearities in the associations. Generalized cross-validation was used to determine the value of the smoothing parameter that minimized mean squared error. Statistical significance was achieved with a two-sided P value < 0.05. Statistical analyses were performed with GraphPad Prism, version 5 for Windows (GraphPad Software) and S-Plus, Version 8.0 (TIBCO Software).
